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Wilson and co-workers 1 . 2 have described a variety of approaches to the problem of calculating eigenvalues and wavefunctions for model anharmonic-oscillator systems. Such quantities for systems containing at least two internal coordinates would be useful in consideration of problems of inter-and intramolecular energy transfer relevant to chemical kinetics. For polyatomic (more than two atoms) problems, continuum states must be considered as well as bound states when the total vibrational energy exceeds the dissociation energy of a single bond. However, except for some calculations reported for a model H3 species,3 even the bound states for highly vibration ally anharmonic systems have not been characterized for systems other than diatomic molecules.
Endres and Wilson 2 compared results of using perturbation theory and expansion in a harmonic-oscillator basis set for the diatomic Morse oscillator problem. Baetzold, Tahk, and Wilson 1 used products of diatomic harmonic-oscillator wavefunctions as an expansion basis set for a linear triatomic harmonic-oscillator system. Endres 3 used such products of diatomic harmonicoscillator functions for a linear H 3 -coupled Morse system with two internal coordinates. Difficulties arise in the selection of a basis set which will provide sufficiently rapid convergence for a practical basis size and which also permits convenient evaluation of matrix elements for anharmonic potential functions.
The following is a report of the trial of different sets of evenly spaced Gaussian orbitals as a basis for the Morse diatomic oscillator problem with extensions to linear Morse triatomic systems. Ease of integral evaluation with Gaussian basis functions having variable centers should permit application to a wide variety of potential functions. Although Gaussian basis sets have been frequently employed in molecular electronic calculations, their use has not previously been reported for this vibrational problem.
DIATOMIC CALCULATIONS
A normalized basis set of the form X;= (2a/71-)1/4X exp [-a(x-c;) 2] was used. Here, the centers C; are * Work performed as a National Science Foundation Science Faculty Fellow, Cambridge University (1967). 1 R. C. Baetzold, C. T. Tahk, and D. J. Wilson, J. Chern. Phys. 45,4209 (1966). chosen to be equally spaced along the coordinate axis, and the exponent constant a is chosen to be the value of the quantity p.(hllo)/(2li}). This is the exponent of the ground-state harmonic-oscillator function matching the curvature of the Morse and harmonic potentials at the potential minimum with 110 being the harmonicoscillator vibration frequency. The coordinate origin is defined by the Morse potential in the form
Here, D is the dissociation energy. Table I lists the exact eigenvalues obtained for the Morse problem for a CH molecule using the parameters employed by Endres and Wilson. 2 Also included are sets of eigenvalues for the calculations of Endres and Wilson with a 30-term harmonic-oscillator basis set and for sets of 15, 20, and 25 evenly spaced Gaussia~ functions employed in this work. The 1S-term set was centered at the coordinate origin, and the 20-term set was shifted to larger coordinate values so that the seventh function was located at the origin. The 2S-term set was located with the ninth Gaussian basis function at the origin. The magnitude of the interval between the basis functions is illustrated by the quoted values of S12, the overlap integral between adjacent functions, for each case. eigenfunctions for larger Gaussian basis sets with this method. The larger of the two spacings cited for the 20·term set gives slightly poorer energies for the higher states than did the closer spacing, but numerical errors for the smaller spacing are apparent from the few eigenvalues which were slightly lower than the exact values, also given in Table I . The largest off-diagonal eigenvector overlap integrals for the first 10 eigenvectors associated with the 10 lowest eigenvalues were 1.5 X 10-3 , 2.7XIO-s, and 8.3XI0-s for the basis sets associated with the last three .columns of Table I . The corresponding values for the first six eigenvectors were 7 .OX 10-6 , 3.0X 10-7 , and 1.7X 10-7 , respectively.
TRIATOMIC SYSTEMS
Calculations were performed for linear triatomic systerns with parameters chosen to represent linear CH 2 and HCN systems. Following Baetzold, Tahk, and Wilson,! the Hamiltonian, in terms of the coordinates Xl and X2 representing the extensions of the two bonds, is taken to be
Either harmonic or Morse potential functions were employed for the two coordinates. A basis set for this problem was formed from basic product functions of the form <p;(1, 2) =tP;(1)tPk'(2).
Here, tPi and tPk' are chosen from the sets of eigenfunctions for the diatomic oscillator problems for coordinates Xl and X2, respectively. These diatomic functions were obtained in turn from the original Gaussian basis sets. The diatomic eigenfunctions are members of the same set for the symmetrical CH 2 case and are from the two different sets of solutions for the CH and CN species when considering HCN. Basic-product basis sets of 25 and 36 terms were tried for CH 2 using combinations of the first five or six diatomic eigenfunctions. Solutions of the eigenvalue problem in this orthonormal basic-product basis presented no numerical difficulties for the triatomic case once the diatomic eigenfunctions had been obtained in terms of the Gaussian basis set. The results are given in Table II for the two product basis set sizes for CH2 using both harmonic and Morse potentials as well as the exact eigenvalues expected for the harmonic case. Twenty-term Gaussian basis sets were. used in obtaining the solutions for the harmonic and Morse diatomic CH problems. Table III summarizes results obtained for the linear model HCN system using both harmonic and Morse potentials for the two bond coordinates and product basis sets obtained from the diatomic problems. The previously mentioned parameters were used for the CH potential, and the values employed for eN are given in Table III for D and hpo. The exponent for the Gaussian basis for the CN diatomic problem was chosen to be f.L(hpo) / (2"}) as was done for the CH system, and the Gaussian basis spacing was adjusted to obtain the same overlap for adjacent functions as was used for the CH calculations. Twenty-term Gaussian basis sets were again used for the diatomic eigenvector calculations; the first five CH diatomic eigenfunctions were combined with the first six CN eigenfunctions to give a 30-term product basis set for the triatomic problem. Harmonic or Morse potentials were again used for the diatomic problems to obtain basis sets for use with harmonic or Morse potentials for the triatomic case.
CONCLUSIONS
It is seen that the distributed Gaussian basis sets are more effective than the harmonic oscillator basis employed by Endres and Wilson 2 for the CH Morse oscillator. Anharmonic potential problems in model oscillator systems of more than one coordinate seem to be approachable with the Gaussian basis sets. It is found that the 36-term product set gives energy values to better than 1 % for E/ D up to 0.62 for triatomic systems with two internal coordinates. The basic-product basis set could be enlarged without orthogonality problems by using more terms from the diatomic function sets. Improved numerical methods such as double precision calculations, or use of a technique for solving the H -ES eigenvalue problem for the diatomic levels in the Gaussian basis which requires only one matrix diagonalization should eliminate the difficulties encountered here.
Although the Morse diatomic problem is soluble by other techniques, more general potential functions should be tractable with the Gaussian basis due to general ease of integral evaluation, and Gaussian basis sets would seem to have some utility in other than electronic energy-state calculations.
